Abstract. The BGO-OD experiment at the ELSA accelerator facility uses an energy tagged bremstrahlung photon beam to investigate the internal structure of the nucleon. The setup consists of a highly segmented BGO calorimeter surrounding the target, with a particle tracking magnetic spectrometer at forward angles.
INTRODUCTION
Hadron spectroscopy has for many years been used to determine the interactions between the partons of the nucleon, and the degrees of freedom afforded in non-perturbative QCD. Despite the wealth of data for both the pion and photoproduction of many hadronic states, there remain many "missing resonances" which are predicted by Constituent Quark Models (CQM) but are not observed experimentally [1] . Moreover, some of the lowest observed states are not described satisfactorily. The pattern of the mass and parity of the Roper resonance (N(1440)1/2 + ) and the N(1535)1/2 − for example, where the state above ground state would be expected to have negative parity, is hard to reconcile with a CQM of "dressed" quarks in a mutually generated potential, irrespective of the shape of this potential. The Λ(1405) -N * (1535) mass ordering (despite the Λ(1405) being a uds singlet state), and the mass between the Λ(1405) and its spin-orbit partner, Λ(1520), are also difficult to interpret within a CQM framework.
In the "heavy" charmed quark sector, the recently discovered pentaquark states, P c (4450) + and P c (4380) + [2] are the first unambiguous indications of baryons of at least five constituent quarks. Since the conception of the quark model, there has been discussion of the possibility of hadrons of more than three constituent quarks [3, 4, 5] , and due to the proximity of the chiral symmetry breaking scale to the nucleon mass, it is possible that light mesons may interact as elementary objects, giving rise to molecular systems and meson rescattering effects near thresholds [6, 7] . It is still an open as to question whether the pentaquark states are bound five quark systems, or have a molecular-like composition to some extent. The model of Wu et al. [8] , for example, successfully describes these as meson-baryon dynamically generated states. Similarly in the meson sector, the X(3872) lies close to the D 0D0 * threshold and has also been described as a molecular state (see for example Ref. [9] ).
In the "light" strange quark sector, models including molecular-like meson-baryon interactions as additional degrees of freedom have had improved success in describing observed states [10, 11, 12, 13, 14] . The Λ(1405) appears to be dynamically generated from meson-baryon interactions to some extent [15] , which is also supported by recent LQCD calculations [16] . Models including vector meson-baryon interactions have predicted further dynamically generated states, for example states at 2 GeV with J P = 1/2 − and 3/2 − [17, 18, 19] , which may have been observed in K 0 Σ + photoproduction [20, 21] at the K * Y thresholds. The BGO-OD experiment is ideally suited to study phenomena from hadronic reactions in a low momentum exchange region, where extended, molecular-like structure may manifest. The extremely forward charged particle acceptance, complemented by neutral particle reconstruction over a central region allows complicated final states to be reconstructed, enabling the study of phenomena from molecular or exotic structure in the strange quark sector.
EXPERIMENTAL SETUP
BGO-OD (Fig. 1) is a fixed target experiment using real, energy tagged photon beams at the ELSA electron accelerator facility [22] . An electron beam up to 3.2 GeV is incident upon a thin metal radiator to produce bremsstrahlung photons, with linearly and circularly polarised beams both available.
BGO-OD is composed of two distinct parts: a forward spectrometer (θ < 12 0 ) for charged particle identification, and a central calorimeter region (θ = 25 − 155 0 ) ideal for neutral meson reconstruction. A plastic scintillating detector (SciRi) covers the small acceptance gap between these.
The target is surrounded by an MWPC for charged particle track reconstruction. Surrounding this is a segmented cylinder of plastic scintillator material for charged particle identification via ∆E − E. Outside of this is the BGO ball; a segmented calorimeter of 480 BGO crystals. The BGO ball is ideal for the reconstruction of photon four-momenta via electromagnetic showers in the crystals. The separate time readout per crystal, with a resolution of approximately 3 ns, enables clean identification of neutral meson decays ( Fig. 2(a,b) ).
The forward spectrometer uses two scintillating fibre detectors (SciFi2 and MOMO) to track charged particles from the reaction vertex. Particles proceed through the open dipole magnet, operating at a maximum field strength of 0.45 T. Eight double layered drift chambers track particle trajectories after curvature in the magnetic field. The momentum, p, is determined by the extent of deflection in the field, with a resolution of approximately 0.04p. Time Of Flight walls downstream from the drift chambers enable particle identification via the combination of momentum and β (Fig. 2(c-f) ).
Numerous hadronic final states have been identified, and cross sections calculated to act as a bench mark and to determine systematic uncertainties in analyses. Figure 3 is a preliminary example of the γp → ωp differential cross section, identified via the mixed final state; ω → π 0 π + π − . From a comparitively limited dataset, there is good agreement with existing data shown in the figure.
Λ(1405) LINE SHAPE AND DIFFERENTIAL CROSS SECTIONS, AND ACCESS TO HIGHER LYING HYPERONS
CQMs have very limited success in describing Λ * and Σ * states, with models including additional degrees of freedom from molecular-like meson-baryon interactions having far better agreement. Of the 26 Σ * listed in the Particle Data Group review, 16 are listed as an existance as poor to fair, with little progression for the last 30 years [25] . Figure 4 (a) shows the missing mass from the detection of K + in the BGO-OD forward spectrometer. This extremely low momentum transfer region provides a unique window into the potential molecular-like structure of hy- 
. The hyperon invariant mass is plotted for two different centre of mass bins, θ cm K + .
the K + π 0 system are Σ 0 and Λ respectively. There is ongoing analysis using this method to determine the line shape and differential cross section for Λ(1405)→ π 0 Σ 0 at forward angles. This low momentum-exchange region is crucial in determining the underlying dynamics of the Λ(1405) and complementary to existing data, notably, the datasets of all three decay modes from CLAS [26] .
The same decay mode can be identified over a broad angular range via the identification of all final state particles:
, and the application of a kinematic fit [27] . Figure 5 shows the invariant mass for two different polar angle bins, where peaks corresponding to Λ(1405) and Λ(1520) are present. This ongoing work will complement a limited data set, and aid in constraining models, such as the triangle singularity proposed by Wang et al. [28] .
FORWARD CROSS SECTIONS FOR
The photoproduction of the ground state hyperons, K + Λ and K + Σ 0 is poorly understood at forward angles. The paucity of data for cos θ cm K + > 0.9 and discrepancies between data sets prevent the constraining of isobar models and partial wave analyses (shown, for example, in Refs. [29, 30] and references therein). This is a vital region to understand reaction mechanisms in associated strangeness photoproduction, where forward peaked, t-channel mechanisms play dominant roles. This is also crucial as an input for the modelling and data fitting of hypernuclei electroproduction: the low Q 2 required to ensure the Λ remains bound to the nucleus means that the exchanged virtual photon is almost on-shell. [32] , inverted green triangles: data from Bradford et al. [33] , blue circles: data from Dey et al. [34] and McCracken et al. [35] for K + Σ 0 and K + Λ respectively, magenta line: solution from the Bonn-Gatchina Partial Wave Analysis [36] .
The BGO-OD forward spectrometer covers the centre of mass polar angle range of approximately 3-26 0 , with an angular resolution better than 1 0 . Figure 6 shows the missing mass from forward K + for two centre of mass intervals. Peaks corresponding to Λ and Σ (only for W above threshold) are clear. The background tail to lower mass originates from pair production in the beam which are deflected in the OD magnet. Careful timing criteria remove most of this, which originates from adjacent electron bunches in time to the triggered hadronic event. The remainder is fitted to by an equivalent analysis of negatively charged particles in the forward spectrometer, providing a distribution of electron/positron background. This is combined with spectra from simulated data to fit to signal and background using RooFit This high statistics data set shows good agreement with existing data for K + Σ 0 , and is able to resolve long standing discrepancies in the K + Λ data sets. It should be noted that the Bonn-Gatchina partial wave analysis [36] is constrained by the CLAS data sets only. The high angular resolution of the forward spectrometer permits an unprecented detailed description of the cross section at forward angles, which will be a vital constraint for hypernuclei electroproduction. There is ongoing analyses to measure both cross sections in intervals of approximately 0.02 cos CM K + , and it is anticipated the data will extend to a photon beam energy of 1.5 GeV, with a 1.5 increase in statistics.
NEUTRAL KAON PHOTOPRODUCTION
The BGO-OD experiment is uniquely suited for K 0 S identification, as the mixed charged final state reconstruction allows identification via both K 0 S → π 0 π 0 (neutral decay) and K 0 S → π + π − (charged decay). High statistics data with a liquid hydrogen target has been taken with linearly polarised photons over the K * threshold region. Differential cross sections and beam asymmetry measurements will resolve reaction mechanims where a cusp-like structure was observed in previous data [20, 21] . As discussed in the introduction, similarly to the model of Wu et al., [8] which described the pentaquark states, P c (4450) + and P c (4380) + as dynamically generated through rescattering effects, the model of Oset et al. [19] , has been fitted to the cusp in K 0 Σ + cross section data [20, 21] , predicting dynamically generated meson-baryon states in the "light" strange quark sector. Figure 8(a) shows preliminary invariant mass of the 2π 0 system, with a peak at the K 0 mass. Simulated data was used to describe background from other multi-pion final states. Figure 8(b) shows the Σ + invariant mass peak via the identification of the charged K 0 S decay. Both analyses are prior to a kinematic fit, which is currently being implemented. The signal from the charged decay will also be improved by identifying the detached decay vertex using the MWPC (cτ K 0 S ≈ 2.7 cm).
P r e l i m i n a r y The model of Oset et al. [19] predicts that the states that interfer destructively to produce a cusp in K 0 S Σ + photoproduction will interfer constructively in K 0 S Σ 0 to produce a peak-like structure at the K * thresholds. The study of this channel using a deuterium target will therefore act as a "smoking gun" for molecular-like structure in the light quark sector. Figure 9 shows preliminary K 0 S identification from a small commissioning data set using a deuterium target. A peak in the 2π 0 invariant mass spectrum is clearly seen above background. Figure 9 (b) additionally requires a proton in the forward spectrometer from Σ 0 → pπ − and for the missing mass from the 2π 0 p system to be consistent with a π − mass. This improves the signal to background ratio, albeit at the loss of statistics. An equivalent analysis using liquid hydrogen target did not produce a signal. Analyses using both real and simulated data has demonstrated the separation of K 0 Σ 0 and K 0 Λ via the identification of the photon from the Σ 0 → γΛ decay. A high statistics data set using a deuterium target was taken this year, and analyses is ongoing [39] .
OPPORTUNIITES TO STUDY THE YN INTERACTION AND HYPERNUCLEI
Hypernuclei, where baryons of non-zero strangeness are bound to a nucleus, provide a natural laboratory to probe hyperon-nucleon (YN) interactions. YN or YY (or three body YNN, YYN) interactions are very poorly constrained compared to NN interactions. Studying these is vital in order to develop an SU(3) flavour symmetric understanding of baryon interactions. Additionally, the description of many astrophysical phenomena depend strongly on YN interactions, for example, the Hyperon Puzzle in describing the equation of state of neutron stars (see for example, Ref. [40] and references therein).
The BGO-OD experiment, using a real photon beam, may be able to make complementary measurements to existing hypernuclei facilities. The energy resolution of the incident photon beam will not permit measurements of hypernuclei binding energies, however the high momentum resolution of K + at forward angles, and a calorimeter to identify both charged and neutral decay particles provide unique opportunities. From simple kinematics, the BGO-OD is ideal: an incident photon beam between 1400 to 1600 MeV, and a K + produced at a polar angle smaller than 10 0 provides a recoil momentum to a Λ of the order of 300 -350 MeV/c, which would be sufficient for some to remain within the Fermi surface and bind to the residual nucleus. Figure 10 demonstrates a "non-strange" example, where coherent π 0 photoproduction was observed off a carbon target. Figure 10 (a) shows the calculated π 0 energy from the polar angle and beam energy, with the measured energy subtracted. The peak at zero for forward π 0 indicates coherent production. For further verification, the 4.4 MeV decay photon from the full reaction: γ + 12 C → π 0 + 12 C * → π 0 + 12 C + γ was identified (shown in fig. 10(b) ). This decay corresponds to a pure E2 transition, J π : 2 + → 0 + , with a sin 2 (2α) distribution where α is the angle between the recoiling nucleus and decay gamma. Figure 10 (c) shows this angular distribution with a sin 2 (2α) fit. There is good agreement when accounting that the data is not efficiency corrected. 
